Micro-structured electrode (MSE) arrays allow the generation of large-area uniform glow discharges over a wide pressure range up to atmospheric pressure. The electrode widths, thicknesses and distances in the micrometre range are realized by means of modern micro-machining and galvanic techniques. The electrode distance, the gap width d, is small enough to generate sufficiently high electric field strengths to ignite gas discharges by applying only moderate radio frequency (RF, 13.56 MHz) voltages (80-390 V in Ne, He, Ar, N 2 and air). The non-thermal plasma system is characterized by a special probe measuring the electric parameters. We tested MSE arrays with d = 70, 25 and 15 µm. The MSE driven plasmas show a different behaviour from conventional RF discharge plasmas. Due to the very small electrode gap width we can describe the behaviour of the charged particles in the RF field of our system with the dc Townsend breakdown theory, depending on the pressure range and gas. With decreasing pressure, the gas discharges, especially in Ne and He, are increasingly dominated by field electron emission. With the MSE arrays as plasma sources several applications were developed and successfully tested, e.g. decomposition of waste gases and sterilization of food packaging materials at atmospheric pressure.
Introduction
There is growing interest in non-thermal plasma processing techniques optimized for atmospheric pressure applications due to their significant industrial advantages. At atmospheric pressure, thin film deposition at very high rates is possible, and cost-intensive vacuum technology can be avoided. Many approaches have been proposed in the last 15 years to overcome the problems of generating and sustaining a stable, uniform and homogeneous non-thermal atmospheric pressure plasma. Massines et al [1, 2] , Okazaki et al [3, 4] , Trunec et al [5] and Roth et al [6] [7] [8] successfully generated atmospheric pressure glow discharges with a dielectric barrier array, and Selwyn and co-workers [9, 10] developed a radio frequency (RF) atmospheric pressure plasma jet producing a stable and homogeneous plasma.
There are two approaches based on the Paschen similarity law (pd = const.), which scale down the electrode dimensions in the micrometre range in order to ignite discharges at atmospheric pressure, at moderate voltages, working in the Paschen minima of the different gases. Schoenbach et al [11, 12] , Schmidt-Böcking and co-workers [13] and Eden et al [14, 15] use a micro-hollow-cathode-array in order to generate atmospheric pressure glow discharges. Recently, we and our project partners introduced micro-structured electrode (MSE) arrays, consisting of a system of planar and parallel electrodes (comb structure), as alternative atmospheric pressure plasma sources [16] [17] [18] [19] [20] . The electrodes (see figure 1 ) are arranged on an insulating substrate and manufactured by means of modern micro-machining and galvanic techniques. The electrode dimensions, especially the electrode gap width d in the micrometre range, are small enough to generate sufficiently high electric field strengths to ignite atmospheric pressure glow discharges applying only moderate (RF, 13.56 MHz) voltages (less than 400 V). The same design is used for surface barrier discharges, where the comb structure is embedded into the dielectric barrier structure [21] . With this last type of plasma source a plasma can be generated in air at atmospheric pressure, but not as a homogeneous glow discharge, in contrast to the MSE generated plasmas.
In this publication, we characterize the ignition parameters of the MSE-driven RF plasmas for the electrode gap widths 25 and 15 µm and compare it with the results of the 70 µm MSE array already published [22, 23] . The parameters show a special behaviour, which differs from conventional RF and dc discharges. After breakdown the RF plasmas are characterized in the operational range used by the applications. Several successful applications are reviewed, e.g. decomposition of waste gases and sterilization of food packaging materials. Figure 1 shows an MSE array and the electrode gap design for gap widths d = 25 and 15 µm. The design and fabrication of MSE arrays with d = 70 µm, already published in [20] , was modified for the gap widths d = 25 and 15 µm in order to guarantee the same actual gap shape for all three samples. All three MSE samples have an electrode width of 1350 µm and an electrode length of 7200 µm. The electrode thickness is varied with d in order to reduce deviations of the gap shape and distance (see below) due to the influence of sidewall slopes: the 70 µm electrodes are 100 µm thick, the 25 µm electrodes are 35 µm thick and the 15 µm electrodes are 25 µm thick.
Fabrication of micro-structured electrode arrays
Although the plasmas generated are of non-thermal type, only thermally rugged materials can be used for microstructured electrodes. Therefore, nickel is electroplated on an alumina substrate. Alumina substrates are commonly used in thick film technology. In contrast to this technology, microstructures with high aspect ratios (ratio of height to width) of up to 5 or 10 have to be achieved. While most photolithographic processes focus on submicrometre resolutions on fine polished silicon wafers with reflective or absorbing properties [24] , in this case, a dispersive surface is given. A roughness R a of 6.5 µm is measured with a Tencor P10 profiler on a scan length of 1 mm. This is due to the sintering of ceramics and cannot be eliminated sufficiently by grinding. Experiments have shown that dispersive effects dominate the resulting sidewalls of photoresists with decreasing gap width, starting at 25 µm.
Therefore, a smooth, nondispersive wafer surface is necessary. This is achieved by sputter coating a cleaned alumina wafer with copper and subsequent spin coating of a 20 µm thick SU8 (Micro Chem) layer (see figure 2(a) ). Measurements indicate a roughness R a of 0.1 µm for the SU8 surface (Tencor P10, scan length 150 µm). After drying, the SU8 is exposed through a mask to UV radiation creating the acids necessary for cross linking [25] . In this step the copper layer serves as an optical absorption layer for the SU8 lithography. The cross linking is accomplished on a hotplate at 95˚C after 45 min. Development of the SU8 layer is done in γ -butyrolactone (GBL) and propylene glycol methyl ether acetate (PGMEA) ( figure 2(b) ) in a beaker with manual agitation. Residuals of resin on the rough alumina surface are removed with a short descum in a CF 4 -O 2 -plasma (80 sccm O 2 , 20 sccm CF 4 , 100 W, 4 min). The copper layer is now removed in Alketch (Candor Chemie). After 1 h of dehydration at 120˚C a second copper layer is sputtered on the sample. It serves as the seed layer for electrodeposition and is subsequently covered with AZ 9260 (Clariant) resist as shown in figure 2(c). This resist is spun on twice at 600 rpm with 1 h of drying on a hotplate after each spin step. Conditioning has to be performed for 10 h before the exposure to UV-light through a chromium mask, at a dose of 2400 mJ cm −2 . The sample is developed and plated with nickel in a sulphamate-type bath with additives for reduction of residual stress. At 15 mA cm −2 for 2 h a thickness of 30 µm is achieved with sufficient uniformity to avoid subsequent grinding. After stripping the AZ 9260 resist (figure 2(e)) the second copper layer is etched as described above. The SU8 is ashed in an intense CF 4 -O 2 -plasma (80 sccm O 2 , 20 sccm CF 4 , 300 W, 30 min). By etching the first copper layer the remaining electric shortcut between the electrodes is removed ( figure 2(f) ). Finally, a 0.5 µm thick alumina layer is sputter deposited all over the electrodes ( figure 2(g) ). The necessary free space on top of the pads can be achieved by using a shadow mask in the sputter process.
Experimental
The experimental set-up is schematically shown in figure 3 . The MSE arrays were installed into a complex vacuum system providing a virtually laminar gas flow with a rate of 200 sccm set up by means of mass flow controllers. The gas inlet system and vacuum system are described in detail in [19] . The discharges were generated using an RF (13.56 MHz) power supply (ENI ACG-3B) equipped with an impedance matching network (ENI MW-5D). The RF generator is power controlled from 0 to 300 W in steps of 1 W. The generator power P gen used for measurements and applications ranged between 3 W (ignition) and 35 W in Ne, 5 and 40 W in He, and between 18 and 45 W in N 2 , depending on the pressure or application. A special probe (ENI VI-Probe) was inserted between the matching network and the MSE array in order to measure voltage U , current I , phase angle ϕ and effective power P eff of the system. The effective powers input into the plasma were dependent on the chosen gas and generator power, but independent of pressure (range from 10 to 100 kPa). A chromel-alumel thermocouple of K-type was placed directly under the substrate of the MSE array to measure the temperature rise of the MSE array during plasma operation. Figure 3 . Schematic of the experimental set-up. The gas inlet system and vacuum system are published in detail in [19] .
Characterization of the MSE plasma
The electrode gap has a complex geometry with incorporated protrusions (see figure 1 ) allowing the generation of largearea uniform glow discharges in He and Ne at pressures up to 150 kPa and in Ar and N 2 up to 120 kPa [20] . With the 25 and 15 µm structures glow discharges can be generated even in air up to 50 kPa. The discharges are non-thermal [19, 20] and generated at the five gaps between the electrodes. In the gases Ne, He and Ar the plasma covers all electrode gaps; in N 2 at a pressure higher than 60 kPa the plasma covers only one electrode gap. Up to a pressure of 40 kPa the plasma covers the whole electrode system (see figure 1) , and in N 2 a high applied generator power (>45 W) is necessary to do so. The maximum measured temperature rises of the MSE array are 395 K in He and 420 K in N 2 . Analogous to the effective power, the temperature rise is dependent on the applied generator power, but independent of pressure (range from 10 to 100 kPa). Figure 4 shows the voltage-current characteristic of a 40 kPa N 2 RF plasma generated with an MSE array (d = 70 µm). The curve progression is characteristic for a glow discharge and is very similar to the characteristic of a low pressure dc discharge [26] . The voltage-current characteristics of N 2 with d = 25 and 15 µm as well as the characteristics of He and Ne are very similar to the N 2 characteristic presented up to a pressure of 100 kPa. The operational range is the normal glow range including the subnormal glow range showing the characteristic hysteresis behaviour. The abnormal glow is only obtained in 10 kPa N 2 with a high applied generator power. At too high applied generator powers, the electrodes of the MSE arrays start to age with increasing occurrence of sparks over time (especially in N 2 and air).
The characterization of the ignition parameters of the RF plasmas generated by the 70 µm MSE arrays has previously been published [22, 23] . Due to the very small electrode gap width we can describe the behaviour of the charged particles in the RF field of our system with the dc Townsend breakdown theory, depending on the pressure range and gas type.
In order to explain the observed behaviour figure 5 shows the oscillation amplitudes z 0 of the charged particles calculated with the measured electric field strength E using equation (1):
where E 0 is the field amplitude, m the mass of the charged particle, ω the angular frequency (2π × 13.56 MHz) and ν c the e − -neutral collision frequency. This equation gives the extreme values derived from the solution (2) of the equation of motion, including the pressure dependent Lorentz collisional term in order to account for friction [26] :
. (2) The motion of the charged particles is drift controlled analogously to dc discharges, because the amplitudes of the electrons as well as the ions exceed d/2 (35 µm) [27] , with the exception of Ne at pressures higher than 80 kPa (see figure 5 ). With d = 25 and 15 µm the amplitudes z 0 of all gases not only exceed d/2 (12.5 and 7.5 µm) but also d in the entire pressure range of 10-100 kPa. Thus, the dc Townsend breakdown mechanism must be the dominating breakdown mechanism. [28, 29] derived from the dc Townsend breakdown theory: 
The fitted constants B and C are listed in table 1. The B values of the RF experiment determined for d = 70 µm are lower than the B values of the dc field [28] , because the voltages required to initiate and maintain ac discharges decrease strongly in comparison to dc glow discharges with increasing frequency [29] . Thus, there is always a contribution of the high frequency discharge regime to the breakdown mechanism. With d = 25 and 15 µm the B values of N 2 correspond to the dc values and the dc Townsend breakdown mechanism is dominant. Figure 6 compares the dc breakdown voltages in N 2 [28] Hartherz [30] have shown that with d values in the micrometre range the breakdown voltages are increasingly dominated by field electron emission with decreasing pressure, although the electric field strengths used are below 10 6 V cm −1 [28] characteristic for dc experiments. Thus, a strong increase of the contribution of field electron emission is responsible for this effect, because the ignition electric field strengths are more than doubled. In N 2 , the additional decreasing of d to 15 µm results only in a small additional decrease in the breakdown voltage, confirmed by a small increase of γ .
The B value of Ne is more than one magnitude smaller than the dc value, which can only partly be explained by the non-matching regions of applicability. In the entire fitted pressure range, at pressures above 80 kPa, the ion oscillation amplitudes of Ne do not exceed d/2 (see figure 5) . Thus, the breakdown controlling regime is a mixture of the high frequency discharge mechanism [27, 29] and the dc Townsend breakdown mechanism, where the high frequency mechanism is dominant. In He neither of both breakdown regimes is dominant. However, the contribution of the dc Townsend breakdown mechanism is higher than in Ne, because all amplitudes z 0 of He exceed d/2. With increasing pressure, the ion oscillation amplitudes z 0 decrease and, consequently, the high frequency discharge mechanism becomes more dominant. The estimated experimental γ values of both gases confirm this interpretation-they are much lower than the dc values.
As already published [22, 23] , at low pressures (below 40 kPa) in He and Ne the dc breakdown mechanism is dominant. With all three electrode gap widths d the breakdown voltages are identical for a certain gas and pressure. At the breakdown, the whole surface of the electrodes is covered with a darker diffuse plasma compared to the intense plasma generated only at the gaps between the electrodes at high pressures. Thus, higher breakdown distances are favoured to the shortest electrode gap width d. The MSE driven discharges of Ne and He at pressures lower than 40 kPa represent the lefthand branches of the Paschen curves (see figure 7 ) near the minimum, with higher effective d values (see [23] for details).
Analogous to Ne, in Ar with d = 70 µm a transition occurs from the dc Townsend breakdown mechanism at low pressure to the high frequency discharge mechanism at atmospheric pressure (see [23] for more details). With d = 25 and 15 µm Table 2 . Estimated experimental secondary electron emission coefficients γ calculated using equation (4) . figure 7) . Between 40 and 80 kPa the breakdown voltage is independent of pressure. Theoretically, much higher breakdown voltages are expected due to the growing lack of impact partners with decreasing pd values. As mentioned above, with d in the micrometre range, field electron emission contributes to the breakdown mechanism, which is also independent of pressure. Thus, with d = 70 µm in He and Ne field electron emission dominates the breakdown mechanism in the pressure range between 40 and 80 kPa [22, 23] . With d = 25 and 15 µm the field electron emission dominates the breakdown mechanism at pressures above 40 kPa. Due to the smaller d values the electric field strengths are much higher than with d = 70 µm and a significant additional lowering of the breakdown voltages is expected with a higher contribution of the field electron emission. The experimentally observed lowering of the breakdown voltages with the reduction of d to 15 µm is about 5% in He and Ne. For comparison, the lowering of the breakdown voltages in N 2 is about 12% due to much higher electric breakdown field strengths. The breakdown mechanism is always a mixture of field electron emission, the dc Townsend breakdown regime and the high frequency discharge regime: the field electron emission dominates the breakdown mechanism, but does not cause an additional significant lowering of the breakdown voltages with decreasing d. Hartherz et al [30] observed in air (breakdown voltages normally above 300 V) only with d smaller than 10 µm at 10 kPa and 4 µm at 100 kPa a significant lowering of the breakdown voltages with decreasing d. Under these conditions the field electron emission entirely controls the breakdown mechanism. Figure 8 shows the experimental breakdown voltages with d = 15 µm in Ne, He, Ar, N 2 and air as well as the fitted Paschen curves in Ar and N 2 . In air, there are not enough reproducible data points for a good fit. With the shortest distance d = 15 µm, analogous to Ne and He, the field electron emission dominates the breakdown mechanism in Ar at pressures lower than 40 kPa and in N 2 at pressures lower than 25 kPa. This behavior is an advantage of the micro-structured electrode arrays, because the breakdown voltage is lowered.
If we compare the RF breakdown voltages in He and Ne with the breakdown voltages of conventional dc discharges (see figure 7) , we can see that the RF breakdown voltages are much lower than the dc breakdown voltages, which cannot be explained only by the lowering effects of the high frequency regime and field electron emission. Particularly, if we compare He and Ne with N 2 , there must be an additional effect lowering the breakdown voltages. The reason is the main difference between ac (RF) and dc: for ac the voltage passes through a sinusoidal curve with the two extreme values ±U 0 and two nodes during each period, whereas for dc the voltage is constant. The ionization energies of Ne (21.6 eV) and He (24.6 eV) are significantly higher than the ionization energy of N 2 (15.6 eV). Additionally, N 2 is a molecule with rotational and vibrational states. These states of N 2 can be excited by electron impact excitation with electron energies lower than the ionization energy of N 2 . These excitations cause an additional loss of electron kinetic energy missing for the ionization process of the ignition mechanism. The lowest excited states of Ne ( 3 P 2 , 16.6 eV) or He ( 3 S 1 , 19.8 eV) possess energies, which are still higher than the ionization energy of N 2 . Therefore, electrons with kinetic energies lower than 16.6 eV and 19.8 eV, respectively, cannot excite Ne or He in contrast to N 2 ; the electrons can accumulate more energy up to the ionization level. Thus, the loss of energy in the ionization process is much lower than in N 2 . This makes the difference between ac and dc: the measured RF breakdown voltages U IP are effective voltages (rms values): the voltages periodically increase to a value of
and decrease to values near 0 V. Voltages higher than U IP provide a much higher ionization probability for the gases Ne and He. Concurrently, voltages significantly lower than U IP are not high enough to excite Ne or He. The electrons accelerated in an electric field with a strength of E < E IP (ignition field strength) are still able to excite the rotational and vibrational states of N 2 . In N 2 this additional electron energy loss compensates the ac advantage of E > E IP ; only in Ne and He a significant lowering of the breakdown voltage is observed. This theoretical interpretation is confirmed by optical emission spectroscopy [32] . As already published [23] , we estimate the electron density n e of the RF glow discharge with a simple model used by Park et al [10] , where n e is calculated using equation (6):
with the measured plasma current I p (see figure 4) , the active plasma area A p and the electron mobility µ e = 0.0424 m 2 V −1 s −1 for N 2 [33] . The electric field strength E is an effective field strength [23] lowered by the factor ε, the measured and pressure dependent dielectric constant of the medium. The electron density in He at a pressure of 100 kPa is 2.3 × 10 17 electrons per m 3 [23] , which is high, but still characteristic for a glow discharge [26] . The estimated electron densities in N 2 at the pressures 10 and 40 kPa are somewhat higher than in He, because in N 2 with P gen = 25 W only two of five electrode gaps are covered with plasma. Thus, the N 2 active plasma area is only 2 5 of the He active plasma area. With n e we can estimate the Debye shielding distance λ D calculated with equation (7) [26, 29, 34] 
in order to get some information about the sheath thickness, where ε 0 is the permittivity of vacuum, k the Boltzmann constant and T e the electron temperature. The MSE plasma source generates electrons with kinetic energies of more than 20 eV 
Applications
In He and N 2 the decomposition of the greenhouse gas CF 4 was performed with rates of over 90% at a pressure of 10 kPa with the MSE array as a plasma source incorporated into a micro-reactor. At atmospheric pressure the abatement rate in He is still over 70% [20, 35] . Additionally, the abatement of NO in 100 kPa He has been investigated [30, 36] , where a decomposition rate of 70% is achieved.
Another application is the sterilization and deposition set-up (see [22] for details) consisting of the MSE plasma source coplanarly arranged above a substrate (Si, Cu or different plastic films). The MSE plasma source releases and accelerates electrons generating fluorescent excited atoms and ions. These species are the sterilizing agents for the thermoresistant spores of the vegetative bacteria Bacillus cereus and the UV-resistant spores of the fungus Aspergillus niger at atmospheric pressure in He and Ar [22] . This is proved by optical emission spectroscopy [32] : below 300 nm (UV-range for sterilizing the spores) no emission lines could be detected. The substrate is biased with various potentials (up to 1500 Vpp) in order to accelerate the reactive plasma species towards the substrate. With this set-up we successfully deposited diamondlike carbon layers or SiO 2 layers on various substrates (Si, Cu, polymer films) with a deposition rate of 30 nm min −1 (9.5 kHz ac bias up to 1000 Vpp) [17, 20, 22] .
Summary and conclusions
With the MSE array we have an alternative atmospheric pressure plasma source with many applications: plasma chemistry (decomposition of waste gases like CF 4 ), thin film deposition (e.g. SiO 2 layers on various substrates) and sterilization of food packaging materials.
The MSE driven radio frequency glow discharges show a special ignition behaviour, which differs from that of conventional high frequency and dc gas discharges. Due to the very small electrode gap width (15- 70 µm) we can describe the behaviour of the charged particles in the RF field of our system with the dc Townsend breakdown theory, depending on the pressure range and gas type. With increasing pressure, the contribution of the high frequency discharge mechanism rises until it dominates the breakdown mechanism. On the other hand, with decreasing pressure and reduction of the electrode gap width, the gas discharges, especially in Ne and He, are increasingly dominated by field electron emission, which is an advantage of the micro-structured electrode systems, because the breakdown voltage is lowered.
With the dc behaviour, especially shown by the discharges in N 2 and air, two disadvantageous effects are observed: sputtering of the electrode material and the necessity to decouple the single electrode fingers in order that all electrode gaps are covered with plasma. One method of decoupling the electrode fingers is to integrate resistors on the MSE arrays, which complicates the manufacturing process. First experiments were successful with this new type of MSE array: in N 2 all electrode gaps were at least partially covered with plasma, which improved the power and heat distribution at high pressures and slowed down the ageing process.
The better option is to increase the radio frequency. With very high frequencies (more than 100 MHz) the high frequency regime should dominate the breakdown mechanism, even in air and with a very small electrode distance (less than 10 µm), which is favourable due to the high contribution of field electron emission. Both solutions (very high frequency coupled with d < 10 µm) simultaneously result in lower breakdown voltages at high pressures and slow down the ageing of the MSE arrays, because the disadvantage of a dc discharge-sputtering-is completely avoided.
